Abstract Carbon cycling in the coastal zone affects global carbon budgets and is critical for understanding the urgent issues of hypoxia, acidification, and tidal wetland loss. However, there are no regional carbon budgets spanning the three main ecosystems in coastal waters: tidal wetlands, estuaries, and shelf waters. Here we construct such a budget for eastern North America using historical data, empirical models, remote sensing algorithms, and process-based models. Considering the net fluxes of total carbon at the domain boundaries, 59 ± 12% (± 2 standard errors) of the carbon entering is from rivers and 41 ± 12% is from the atmosphere, while 80 ± 9% of the carbon leaving is exported to the open ocean and 20 ± 9% is buried. Net lateral carbon transfers between the three main ecosystem types are comparable to fluxes at the domain boundaries. Each ecosystem type contributes substantially to exchange with the atmosphere, with CO 2 uptake split evenly between tidal wetlands and shelf waters, and estuarine CO 2 outgassing offsetting half of the uptake. Similarly, burial is about equal in tidal wetlands and shelf waters, while estuaries play a smaller but still substantial role. The importance of tidal wetlands and estuaries in the overall budget is remarkable given that they, respectively, make up only 2.4 and 8.9% of the study domain area. This study shows that coastal carbon budgets should explicitly include tidal wetlands, estuaries, shelf waters, and the linkages between them; ignoring any of them may produce a biased picture of coastal carbon cycling.
Introduction
The coastal zone, which includes the continuum of tidal wetlands, estuaries, and continental shelf waters, occupies a small fraction of the Earth's surface but plays a significant role in the global carbon cycle. For example, according to current global estimates, tidal wetlands account for about a third of the ocean's total carbon burial (Duarte et al., 2005) ; the net CO 2 degassing by estuaries is between 0.1 and 0.4 Pg C yr À1 , as much as one quarter of the net uptake of atmospheric CO 2 by the open ocean (Borges & Abril, 2011; Borges et al., 2005; Cai, 2011; Chen et al., 2013) ; and primary production in continental shelf waters is 10-30% of the ocean's total, despite making up only 7-10% of the ocean's area (Bauer et al., 2013 ).
An understanding of carbon cycling in the coastal zone has benefits that extend beyond the global carbon cycle. Because carbon is a common currency for describing many ecological and geochemical phenomena, the articulation of a carbon budget can enhance the understanding of numerous critical issues in the coastal zone, including hypoxia, which is driven by the oxidation of organic carbon (Diaz & Rosenberg, 2008) ; acidification, which results from the invasion of anthropogenic CO 2 and organic carbon oxidation ; and the loss of carbon sequestration potential (blue carbon) through human development and sea level rise (Pendleton et al., 2012) . Defining and balancing the carbon budget takes on some urgency due to rapid coastal development, accelerating climate change, and the need to better quantify the role of coastal ecosystems as sources and sinks of carbon.
At the global scale, progress has been made in recent years in creating coastal zone carbon budgets. Regnier et al. (2013) made global estimates for riverine input, tidal wetland exchange with estuaries, estuarine outgassing, estuarine burial, and exchange between estuaries and shelf waters. However, numerous terms in their budget are poorly constrained, an example being exchange between tidal wetlands and estuaries, which is based on data from one region. Furthermore, Regnier et al. (2013) ignore shelf waters and transformations between organic and inorganic carbon. Bauer et al. (2013) included shelf waters in their global budget but concluded that riverine input is the only major term for which there is 95% certainty that the estimate is within 50% of the reported value. Hence, major gaps remain in coastal carbon budgets at the global scale.
At the regional scale, coastal carbon budgets are scarce; we are aware of only three peer-reviewed coastal carbon budgets for large stretches of coastline (>1,000 km), all of which are focused on estuaries. Herrmann et al. (2015) constructed an organic carbon budget for 52 estuaries of the eastern United States using empirical models. Mechanistic modeling was applied to construct inorganic and organic carbon budgets to most of these estuaries by Laruelle et al. (2017) , with very few field data for model calibration, and to six estuaries of the North Sea by Volta et al. (2016) . These studies highlight the important but spatially variable role that estuaries play in processing carbon from rivers and tidal wetlands before it reaches shelf waters.
The Ocean Carbon and Biogeochemistry Program and the North American Carbon Program began promoting carbon cycle research and synthesis in the coastal zone with a workshop in 2005 focused on North American coastal margins. The report from that workshop (Hales et al., 2008) recommended synthesis of data relevant to North American coastal carbon cycling and the development of regional carbon budgets for the continent's main coastal regions. Following this recommendation and similar recommendations of Doney et al. (2004) and Chavez et al. (2007) , the National Aeronautics and Space Administration supported funding for regional workshops and initial data synthesis, which led to the development of preliminary coastal carbon budgets for North America (Alin et al., 2012; Coble et al., 2010; Mathis & Bates, 2010; McKinley et al., 2011; Najjar et al., 2012) . With the exception of riverine delivery of carbon to coastal waters of the contiguous United States (Shih et al., 2010; Stets & Striegl, 2012) , large uncertainties were identified in the regional carbon budgets. A major outcome of the North American regional carbon budget assessment was the realization that the great spatial and temporal heterogeneity of coastal systems demands novel techniques for extrapolating limited in situ data on carbon fluxes to greater spatial and temporal scales. Remote sensing, statistical approaches, and process-based numerical models were identified as key resources.
The present study is a direct outcome of the workshop on Eastern North America (ENA; Najjar et al., 2012) and research that was presented at or initiated by the workshop, including studies on the air-sea CO 2 flux for shelf
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waters (Signorini et al., 2013) , the estuarine organic carbon balance (Herrmann et al., 2015) , and riverine input . Our main objective is to develop the first complete carbon budget for ENA coastal waters. To our knowledge, this is the first attempt at developing a budget for a large coastline from the head of tide to the continental shelf. Some research questions that can be addressed with such a budget include the following: (1) Does any ecosystem type (tidal wetlands, estuaries, or shelf waters) dominate any aspect of the budget? (2) What are the major sources and sinks of carbon for the study domain? (3) Is the study domain as a whole a source or sink of atmospheric CO 2 ? (4) How much carbon is buried in the study domain? (5) How important are lateral transfers between ecosystem types compared to other budget terms? and (6) What is the metabolic poise (net autotrophic or net heterotrophic) of the study domain?
Budget Framework
We sought to determine the carbon fluxes for three main ecosystems: tidal wetlands, estuarine open waters (without emergent vegetation, "estuaries" hereafter), and continental shelf waters. Each ecosystem has a boundary with the atmosphere and within the sediments (Figure 1 ). The sediment boundary was taken to be the depth below which permanent burial occurs. The landward boundary of tidal wetlands and estuaries was located at the head of tide, the estuary-wetland boundary was taken to be the mean position of the open-water edge, and the seaward boundary of continental shelf waters was located at approximately the 100 m isobath.
The relevant carbon fluxes explicitly resolved in our study at the boundaries of the ecosystems are the net uptake from the atmosphere by tidal wetlands (U W ), estuaries (U E ), and shelf waters (U S ); burial in tidal wetland soils (B W ), estuarine sediments (B E ), and continental shelf sediments (B S ); riverine input from land to estuaries (R); and the net lateral advective transports from ecosystem I to ecosystem J (L IJ ), including tidal wetlands to estuaries (L WE ), tidal wetlands to shelf waters (L WS ), estuaries to shelf waters (L ES ), and shelf waters to the open ocean (L SO ). Superscripts, when present (see below), indicate the form of carbon: organic (O), inorganic (I), or total (T). Total carbon fluxes are simply the sum of the organic and inorganic carbon fluxes (e.g., R T = R O + R I ). For consistency across domains, we adopt the convention of a flux from the atmosphere as being a positive number, even though atmospheric scientists and oceanographers often use the opposite sign convention.
Internal transformations in tidal wetlands, estuaries, and shelf waters are net primary production (NPP) and heterotrophic respiration (HR). Net ecosystem production (NEP), which represents the net internal transformation from inorganic carbon to organic carbon (Chapin et al., 2006; Hopkinson & Smith, 2005) is defined as
Positive and negative NEP, respectively, indicate net autotrophy and net heterotrophy. 
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In our framework, we employ steady state mass balances of organic, inorganic, and total carbon for tidal wetlands, estuaries, and shelf waters:
where equations (2a)-(2c), (3a)-(3c), and (4a)-(4c) are for organic, inorganic, and total carbon, respectively, and equations equations (2a), (3a), and (4a); (2b), (3b), and (4b); and (2c), (3c), and (4c) are for tidal wetlands, estuaries, and shelf waters, respectively. Sources are to the left of the equal signs and sinks are to the right. The equations are not independent because the total carbon equations are simply the sums of the organic and inorganic carbon equations, but all three forms are useful when constructing budgets. The nine steady state mass balances represented by equations (2)-(4) are central to our approach.
Study Domain
The study domain (Figure 2 ) extends from the southern tip of the Scotian Peninsula (Canada) to the southern tip of Florida (USA). The domain was divided into three major subregions, which are, from north to south, the Gulf of Maine (GOM), the Mid-Atlantic Bight (MAB), and the South Atlantic Bight (SAB). The extents of these three coastal subregions were defined by Hofmann et al. (2011) , and numerical values for the areas were provided by Signorini et al. (2013) . The streamflow, number of estuaries, and areas of drainage basins, estuaries, seagrasses, tidal wetlands, and nonestuarine coastal waters ("shelf waters" hereafter) are provided in Table 1. U.S. estuarine surface area was taken from Herrmann et al. (2015) , whose primary sources were the National Oceanic and Atmospheric Administration's National Estuarine Eutrophication Assessment survey (Bricker et al., 2007) and a digital spatial framework based on a U.S. Geological Survey watershed hierarchy known as the Coastal Assessment Framework (NOAA, 1985) . This framework makes a distinction between land areas draining into the estuaries (Estuarine Drainage Areas, EDAs) and those draining directly to shelf waters (Coastal Drainage Areas, CDAs). While the analysis of Herrmann et al. (2015) included only EDAs, the present study also includes the CDAs in the total watershed areas for each region.
There was no readily available estuarine inventory for the Canadian portion of the GOM. The St. John River (Figure 2 ) accounts for most of the streamflow entering the GOM at the Canadian coastline (McAdie, 1995) and is also the only river for which we could locate relevant information concerning carbon fluxes (Clair et al., 2013) and characteristics of its receiving estuary (Metcalfe et al., 1976) . The next largest river, the St. Croix, has less than 10% of the flow of the St. John. Constructing individual carbon budgets for all Canadian GOM estuaries is thus not possible at this time, and so the only Canadian estuary explicitly included in our analysis is the St. John River estuary. To estimate the total contribution from Canadian estuaries to the carbon budget, we used a freshwater scaling factor of 0.59 À1 (i.e., 1.69), where 0.59 is the proportion of the Study domain indicating locations of estuaries (darker colors) and shelf waters (lighter shading) in the three subregions: the Gulf of Maine (GOM), the Mid-Atlantic Bight (MAB), and the South Atlantic Bight (SAB). The 100 m isobath is shown as a solid black line. The outline of the St. John estuary in Canada was not available, so it is indicated by a star. Note that the northernmost SAB estuary, Albemarle Sound, appears to exchange with shelf waters of the MAB but actually exchanges with its neighbor to the south, Pamlico Sound, which exchanges with shelf waters of the SAB (Xie & Pietrafesa, 1999) .
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total Canadian contribution of streamflow to the GOM originating from the St. John River only (McAdie, 1995) . This scaling factor is then multiplied by several of the carbon fluxes for the St. John River estuary (section 4.2). This scaling factor was also used to estimate Canadian GOM estuarine area (Table 1) .
U.S. tidal wetland areas were taken from Hinson et al. (2017) , who distributed tidal wetland areas from the U.S. National Wetlands Inventory (Dahl & Stedman, 2013) among EDAs and CDAs. Four tidal wetland classes were considered: (1) emergent vegetation (equivalent to brackish to saline salt marsh), (2) shrub-scrub (equivalent to black mangroves in saline southern portions of the SAB but primarily several types of woody shrubs growing in brackish zones in the rest of the ENA study area), (3) forested (equivalent to taller red mangroves in the southern portion of the SAB and also small patches of nonmangrove woody species in the rest of the ENA study area), and (4) freshwater tidal (including all herbaceous, shrub, and forest vegetation in areas of no salinity); an example distribution of these wetlands and neighboring rivers, estuaries, and shelf waters is shown in Figure 3 . ENA tidal wetlands are mostly emergent vegetation (73%) and freshwater tidal (21%), with the remainder (6%) being shrub-scrub and forested. We also distinguished between wetlands that drain to estuaries (i.e., wetlands located in an EDA) and wetlands that drain directly to shelf waters (i.e., wetlands located in a CDA). In the U.S. portion of the study area, 14.5% of the tidal wetland area drains directly to shelf waters. Canadian GOM tidal wetland area was taken from Hanson and Calkins (1996) . Lacking knowledge of the location of Canadian tidal wetlands, we assumed that they all drain directly to the ocean.
The tidal wetland areas used here are an improvement over those used by Herrmann et al. (2015) , which were based on wetlands delineated in the National Land Cover Database. Our estimates depart from those of this database by only À1% for ENA, but subregional departures are substantial: +27% for the GOM, +17% for the MAB, and À10% for the SAB. The GOM difference is primarily due to our inclusion of Canadian wetlands.
The subregions differ considerably in their physical characteristics (Table 1) . About a quarter of the watershed of ENA drains to the GOM, and the remainder drains approximately evenly to the MAB and SAB. Nevertheless, runoff to each subregion is about the same, reflecting regional differences in precipitation and evapotranspiration. Estuarine surface area is 3.8 times the tidal wetland area and 20 times the seagrass area. More than half the estuarine surface area is in the MAB, a third is in the SAB, and less than a sixth is in the GOM. Thus, the MAB is the subregion most influenced by estuaries, particularly its large estuaries having long residence times, such as the Chesapeake Bay, Delaware Bay, and the Hudson River Estuary. The SAB, in contrast, contains more than half of the study area's tidal wetlands. Only 13% of ENA seagrass area is in the GOM, the remainder being split evenly between the MAB and SAB. Continental shelf waters make up 87% of the domain surface area, with about half the shelf water area in the GOM and the remainder split evenly between the MAB and SAB. An in-depth comparison of the shelf waters of the three subregions can be found in Jahnke et al. (2008) and Hofmann et al. (2008) . Briefly, marine source waters for the study region are dominated by the Labrador Sea and Scotian Shelf to the north and the Gulf Stream to the south, which meet near the SAB/MAB boundary at Cape Hatteras. The GOM is semienclosed with several deep sub-basins and a (Clair et al., 2013) , times the freshwater scaling factor 1.69 (see text). c From Herrmann et al. (2015) except for the Canadian portion of the GOM, which increases the number by >1. d From Hinson et al. (2017) except for the Canadian portion of the GOM, which increases the area by 153 km 2 (Hanson & Calkins, 1996) . Errors are based on Dahl (2011) (see text). e As a percent of total tidal wetland area. See text.
f From Herrmann et al. (2015) , except for the Canadian portion of the GOM, which contributes the area of the St. John River estuary, 244 km 2 (Metcalfe et al., 1976) , times the freshwater scaling factor 1.69 (see text).
g Seagrasses are assumed to be within estuaries only. GOM area is from Gustavson (2010) . MAB area is the CEC (2016) "temperate North Atlantic" seagrass area (1,092 km 2 , which includes the GOM, the MAB, and a small portion of the SAB) minus the GOM estimate. SAB area equals the eastern Florida seagrass area (333 km 2 ) from Yabro and Carlson (2011) plus prorated estimates for the remainder of the SAB using the NOAA (1975) tidal coastline lengths of 4,627, 3,771, and 5,376 km for South Carolina, Georgia, and eastern Florida, respectively.
h From Signorini et al. (2013) . Note that our definition of the GOM includes Georges Bank and Nantucket shoals.
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Flux Estimation
A variety of approaches were used to estimate the terms in equations (2)-(4). Given the heterogeneity of the coastal zone and the scarcity of observations, we used, where possible, statistical models that are strongly constrained by observations in the study domain. Such was the case for riverine input of TOC (Shih et al., 2010) , estuarine NEP and burial (Herrmann et al., 2015) , and the exchange of CO 2 between shelf waters and the atmosphere (Signorini et al., 2013) . Mechanistic models that have been extensively evaluated and calibrated were our second choice, and these were employed to quantify shelf water NEP (St-Laurent et al., 2017) and the riverine input of dissolved inorganic carbon (DIC) . Where regional, dataconstrained models did not exist, we relied on simple averaging of the available data in the study domain; this approach was applied for NPP in all ecosystems, tidal wetland burial and lateral export, and the exchange of CO 2 between estuarine waters and the atmosphere. When regional models and data were not available, we used generic models, as in the case of burial in shelf sediments (Burdige, 2007) . Finally, numerous fluxes were computed by difference using equations (2)-(4). Total carbon fluxes (equations (4a)-(4c)) were computed as sums of organic and inorganic carbon fluxes, except for exchange between shelf and open ocean waters, in which case the total carbon balance (equation (4c)) was used (see below). Additionally, HR was computed for each system using equation (1) and estimates of NPP and NEP.
Errors in flux per unit area were estimated using a variety of approaches. When possible, we used formal error estimates from data-constrained models. Fluxes based on data syntheses were assigned standard errors by taking the standard deviation of the mean. Interannual variability was used as a proxy for error for some 
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model-based fluxes. Finally, when error estimates were not possible using quantitative approaches, expert judgment was used.
Errors in domain area were estimated for tidal wetlands but not for estuaries and shelf waters. Estuaries and shelf waters are user defined, and hence, their areas have no errors. Dahl (2011) reported a standard error of 4.4% for the sum of emergent and shrub/scrub tidal wetland area of the contiguous United States. This error reflects the uncertainty in the methodology used to delineate the wetlands from surface imagery and to validate the delineations via field surveys. Unfortunately, error estimates are not available on local and regional scales, nor are they available for tidal freshwater wetlands. Therefore, to approximate errors on individual wetlands in our domain, we downscaled the aggregated fractional error reported by Dahl (2011) , assuming that tidal wetland area errors are distributed evenly (i.e., wetlands that have equal areas also have equal errors), are uncorrelated (i.e., square of the aggregated error equals the sum of squared errors on the components), and add up to an aggregated fractional error of 4.4%, consistent with the fractional error reported by Dahl (2011) . It follows that the standard error ε in any tidal wetland area A is given by
where A US is the area of estuarine wetlands in the contiguous United States (18,372 km 2 ) and ε US is its standard error (808 km 2 ). Equation (5) was applied whenever any tidal wetland area was used in a flux calculation.
Two standard errors in ENA tidal wetland area are equal to 12%, but subregional errors may be considerably larger (Table 1) .
Standard error propagation techniques were used assuming uncorrelated errors when derived quantities were computed (Squires, 2001 ). In the end, best estimates and standard errors of all of the terms in equations (2)- (4) were made on a per unit area basis for each subregion and ENA as a whole. Whenever any quantity in this paper is presented as X ± Y, X is the best estimate and Y is 2 standard errors, except where noted.
The entire system was assumed to be in steady state with respect to carbon dynamics over the past several decades, when most of the data for the analysis were collected. Hence, this study does not address seasonality and other forms of temporal variability, which are considerable for many of the fluxes. (1991, p. 91) ; the aboveground NPP synthesis is also presented in Mendelssohn and Morris (2000) . We used the computed subregional averages and standard errors, which are based on 132 aboveground NPP estimates (18, 76, and 38 respectively from the GOM, MAB, and SAB) and 45 belowground NPP estimates (5, 29, and 11 respectively from the GOM, MAB, and SAB). Tidal wetland NPP is split evenly between aboveground and belowground in the GOM and SAB, whereas nearly ¾ of NPP is belowground in the MAB (Continental Shelf Associates Inc., 1991) . We assumed that the U.S. GOM NPP estimates applied to all tidal wetlands of the GOM. Net primary production of tidal wetlands (NPP W ) was computed as the sum of aboveground and belowground NPP.
Burial in Tidal Wetlands (B W )
Our estimates of tidal wetland burial in the study region are based on the global synthesis of carbon accumulation rate by Ouyang and Lee (2014) , which contains 59 estimates in the study region (28, 23, and 8, respectively, from the GOM, MAB, and SAB). Carbon accumulation rate is the product of carbon density and sediment accumulation rate. For each subregion, we computed means and standard errors from these data.
Net Lateral Flux From Tidal Wetlands (L WE and L WS )
The literature was synthesized to estimate the net lateral flux of total organic carbon (TOC = particulate organic carbon + dissolved organic carbon = POC + DOC) and DIC from tidal wetlands to estuaries and shelf waters. Twelve estimates of net TOC export (per unit area of wetland) were summarized in Herrmann et al. (2015) , who found the mean to be 185 ± 71 g C m À2 yr
À1
. We found four estimates of the net lateral DIC flux from tidal wetlands in ENA (Morris & Whiting, 1986; Neubauer & Anderson, 2003; Wang et al., 2016; Wang & Cai, 2004;  Table S1 in the supporting information) and computed the mean to be 235 ± 120 g C m À2 yr
. We applied the computed means and standard errors of the net lateral TOC and DIC fluxes to all ENA tidal wetlands, independent of subregion. On a unit area basis, we assumed that the net flux of carbon from tidal wetlands to estuaries (L WE ) and shelf waters (L WS ) is the same. (2a) and (4a), respectively. Our definition of U W is the negative of tidal wetland net ecosystem exchange (Chapin et al., 2006) .
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Impact of Mangroves on Flux Estimates
Directly estimated tidal wetland fluxes (NPP W , B W , L WE , and L WS ) are based on data from tidal marshes and assumed to apply to all tidal wetlands in the study domain. Mangroves make up, at most, 6% of the tidal wetland area in the domain (shrub-scrub and forested classes in Table 1 ). The global average NPP in mangroves has been estimated to be 33% larger than that in salt marshes (Alongi, 2014) . Had we scaled shrub-scrub and forested wetlands to have an NPP 33% greater than that of salt marshes, then our integrated ENA tidal wetland NPP would increase by less than 2%. No correction would be necessary for burial because there is no significant difference between salt marshes and mangroves in terms of mean carbon burial (Alongi, 2014; Chmura et al., 2003; Ouyang & Lee, 2014) . Finally, data on lateral fluxes from mangroves are extremely limited. Estimates by Ho et al. (2017) of the lateral flux from mangroves bordering the nearby Shark River, in southwestern Florida, range from 83 to 249 g C m À2 yr
À1
, all less than our estimates. Applying the lower bound estimate to shrub-scrub and forested wetlands would decrease our integrated ENA tidal wetland lateral flux by less than 5%. In summary, while there are differences in carbon cycling between mangroves and marshes, these differences are too small to impact the ENA tidal wetland carbon budget.
Estuarine Fluxes 4.2.1. Estuarine Net Primary Production (NPP E )
Estuarine NPP is assumed to be the sum of NPP from plankton and seagrass. We did not have enough information to include the potentially substantial contributions from macroalgae (Krause-Jensen & Duarte, 2016) and benthic algae (MacIntyre et al., 1996) . Estimates of estuarine planktonic primary production were taken from the global synthesis of Cloern et al. (2014) , which lists median annual production for 24 ENA estuaries (3, 15 , and 6 from the GOM, MAB, and SAB, respectively), based on a total of 159 individual annual production estimates for specific sites and years. Cloern et al. (2014) reported measurements as gross primary production, NPP, or unspecified; when given an option between these, we chose NPP first, unspecified second, and gross primary production last. Of the 24 estimates used here, 10 were of NPP, 2 were of gross primary production, and 12 were unspecified. For each subregion, we computed means and standard errors from these data.
Numerous methods estimate seagrass production in situ (Hemminga & Duarte, 2000) , but spatial and temporal variability precludes their direct use for estimating areal NPP. Instead, we applied the approach of Hill et al. (2014) , in which NPP is the product of standing carbon biomass (standing = aboveground + belowground) and an assumed specific growth rate (α). Following CEC (2016), we broke ENA into temperate and subtropical zones, which share a boundary in southern North Carolina. Mean area-specific aboveground dry biomass for the temperate zone (124 g m À2 ) was obtained from 10 years of measurements for Zostera marina L. reported by Moore et al. (2000) for the Chesapeake Bay region. For the subtropical zone, we used the average (190 g m À2 ) of three Gulf of Mexico sites: St. Joseph's Bay (Hill et al., 2014) , St. George Sound, and Big
Bend Seagrass Aquatic Preserve, with aboveground dry biomass values of 184, 166, and 218 g m
À2
, respectively. Based on an analysis of allometric data presented by Duarte (1991) , belowground dry biomass was estimated as 28 ± 9% of above ground biomass for the temperate (dominated by Zostera marina L.) and 208 ± 66% of aboveground dry biomass for the subtropical zone (dominated by Thalassia testudinum Banks ex König and Syringodium filiforme Kütz). The standing dry biomass was converted to standing carbon biomass by multiplying by 0.322 ± 0.018, a ratio we derived from an analysis of seagrass carbon content data of Duarte (1990) . A specific growth rate of α = 7.3 ± 1.8 yr À1 (or 2 ± 0.5% d
À1
) was adopted based on seasonal variability (Fourqurean et al., 2001; Lee & Dunton, 1997; Zimmerman et al., 1996 Zimmerman et al., , 1997 Zimmerman et al., , 2001 Zimmerman et al., , 2017 . To compute spatially integrated fluxes, we used the seagrass areas in Table 1 .
Estuarine Net Ecosystem Production (NEP E )
Estuarine net ecosystem production (NEP E ) for U.S. East Coast estuaries was estimated by Herrmann et al. (2015) , who employed an empirical model of NEP E as a function of the molar ratio of dissolved inorganic nitrogen to TOC loadings from landward sources. We modified these estimates by (1) incorporating the new TOC fluxes from tidal wetlands reported here, which are based on improved area estimates, and (2) including the Canadian portion of the GOM. Using the Herrmann et al. (2015) model and their average estimate of the molar ratio of dissolved inorganic nitrogen to total nitrogen, 0.41, we calculated NEP E on a unit
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area basis for the St. John River estuary based on total nitrogen and TOC loading estimates from Clair et al. (2013) and the area of the St. John River estuary (Metcalfe et al., 1976) . To estimate NEP E of all Canadian GOM estuaries, we multiplied the St. John estimate by the freshwater scaling factor of 1.69 (section 3).
Riverine Input (R)
We used SPARROW (SPAtially Referenced Regression on Watersheds attributes) to provide estimates of riverine TOC fluxes to tidal estuarine waters. SPARROW is a spatially explicit statistical model that exploits data on land use, flow, and constituent concentration. The model was applied in the United States by Shih et al. (2010) , based on a 1:500,000 scale RF1 (Reach File 1) classification of stream reaches and associated drainage areas (Nolan et al., 2002) . Herrmann et al. (2015) modified SPARROW by distinguishing tidal wetlands as a separate wetland class and then using a literature-based estimate of the TOC yield from tidal wetlands. Here we made a further modification to SPARROW by using the updated (and more precise) National Wetland Inventory estimates of tidal wetland area as a replacement for the original National Land Cover Database estimates of wetland area in the coastal drainages of the SPARROW model. SPARROW coastal drainage areas are defined by the land area associated with "tidal" coastal reaches (RF1 coastal shoreline segments and associated drainage areas without RF1 stream reaches; termflag = 3 indicator, (Nolan et al., 2002) ) and the terminal, most downstream "nontidal" RF1 stream reaches (termflag = 1 indicator) that are connected to estuaries. To ensure that the total areas of the RF1 reaches in coastal drainages remained the same, we assumed that the changes in wetland area, based on using the new wetland estimates, could be accounted for by making equivalent changes in the estimates of forested land area in the model. Accordingly, forested area was decreased (or increased) where the updated wetland area was greater than (or less than) the original wetland area. For the TOC fluxes to the GOM from Canada, we only had an estimate for the St. John River (Clair et al., 2013) . To estimate the TOC fluxes from all rivers entering the GOM from Canada, we multiplied the St. John estimate by the freshwater scaling factor 1.69 (section 3). The standard error in riverine TOC input is automatically generated by SPARROW.
We used the Dynamic Land Ecosystem Model (DLEM) to provide estimates of riverine DIC fluxes to tidal estuarine waters. DLEM is a mechanistic terrestrial biogeochemical model that was recently used to simulate riverine DIC and TOC fluxes to coastal waters of ENA from 1901 to 2008 . DLEM simulations include the impacts of climate change and variability, land conversion, land management practices, atmospheric CO 2 , and nitrogen deposition. We used DLEM estimates of the mean DIC flux from rivers for 1980-2008. Uncertainty estimates are lacking for DLEM, but this model appears to be as skillful as SPARROW , so, within each subregion, we assumed the fractional errors are the same as those of the riverine TOC input.
Exchange of CO 2 Between Estuaries and the Atmosphere (U E )
A total of 16 literature estimates of U E were compiled (Cai & Wang, 1998; Crosswell et al., 2014 Crosswell et al., , 2012 Hunt et al., 2014 Hunt et al., , 2011 Jiang et al., 2008; Joesoef et al., 2015; Raymond & Hopkinson, 2003; Raymond et al., 2000; Wang & Cai, 2004; Table S2 in the supporting information), and means and standard errors were computed for each subregion.
Estuarine Burial (B E )
Estimates of carbon burial in estuarine sediments of U.S. East Coast estuaries were taken from the model of Herrmann et al. (2015) , which requires riverine total nitrogen loading and estuarine residence time as inputs. The model was applied to the St. John River estuary using the residence time of Metcalfe et al. (1976) and the riverine total nitrogen loading of Clair et al. (2013) . To estimate burial in all Canadian GOM estuaries, we multiplied the St. John estimate by the freshwater scaling factor of 1.69 (section 3). 
. Shelf Water Net Primary Production (NPP S )
Syntheses of in situ shelf water net primary production measurements were derived from two major programs. The first is a set of National Marine Fisheries Service surveys from October 1977 to June 1982 in the MAB and GOM. More than 4,000 measurements were made with good spatial and seasonal coverage (O'Reilly & Busch, 1984; O'Reilly et al., 1987) . From O'Reilly et al. (1987) , we used the annual and spatial averages of primary production in four sectors of the MAB (MAS 1, 2, 3, and 4) and six sectors of the GOM (NT, GB 1, GB 2, GM 1, GM 2, and SS). Formal errors are not available for these averages; we subjectively Global Biogeochemical Cycles 10.1002 estimated that the standard error in each sector is a modest 30%, due the favorable spatial and temporal coverage of the measurements. As sector areas were unavailable, we digitized them from Figure 21 .4 in O' Reilly et al. (1987) . Subregional, area-weighted averages of NPP (g C m À2 yr
À1
) were then computed. Subregional integrals (Tg C yr À1 ) were computed using the actual areas of the MAB and GOM (Table 1) . A similar analysis of this data set by Bisagni (2003) over a slightly different area produced essentially the same mean NPP per unit area as our analysis.
The second major source of in situ shelf water net primary production measurements is the Department of Energy's interdisciplinary study of the oceanography of the SAB. Menzel (1993) summarized the NPP measurements from this program, which were reported in greater detail in Yoder (1985) and Verity et al. (1993) . Menzel (1993) provided mean NPP rates and areas of three sectors, which make up the bulk of the SAB as we have defined it. Again, no formal error estimate was provided, so we subjectively estimated the standard error in each sector to be 50%, which is higher than the estimated error in the MAB, due to the less favorable spatial and temporal coverage in the SAB. Subregional averages and integrals were computed as they were for the MAB and GOM. More recent estimates of SAB spatially integrated NPP by Jiang et al. (2010) are slightly higher than our estimates.
Shelf Water Net Ecosystem Production (NEP S )
Estimates of shelf water net ecosystem production (NEP S ) were taken from the latest version (St-Laurent et al., 2017) of the process-based numerical model developed by the U.S. Eastern Continental Shelf (USECoS) project. The model has a typical horizontal resolution of 9 km, 30 vertical levels, and a domain that covers our study region. The model was integrated from November 2003 to December 2008 with realistic forcing at its boundaries with the atmosphere and open ocean. Building on previous versions (Cahill et al., 2016; Druon et al., 2010; Fennel et al., 2006; Hofmann et al., 2011) , the biogeochemical module was adapted to include two phytoplankton and zooplankton size classes (Xiao & Friedrichs, 2014a , 2014b and currently tracks 19 state variables, including DIC and several particulate and dissolved organic carbon pools that can be summed to TOC. We utilized NEP S for each of the subregions and for each year from 2004 to 2008. Lacking a formal error estimate for NEP S , we take 1 standard error to equal the standard deviation of annual NEP for each subregion. Though the model is mainly used for estimating NEP S , we also compared its output with our estimates of several other terms in the shelf water carbon budget. Note that regridding of the subregion masks from Signorini et al. (2013) to the USECoS grid led to a modest 9% decline in ENA shelf water area. Signorini et al. (2013) made four distinct estimates of the exchange of CO 2 between ENA shelf waters and the atmosphere using two gas transfer velocity formulations and two estimates of surface ocean pCO 2 (one based solely on the data and the other from an algorithm that used remotely sensed sea surface temperature, remotely sensed chlorophyll, and a sea surface salinity climatology). The various approaches give broadly similar results and are generally in good agreement with previous studies. Here we adopt the results using the Ho et al. (2011) gas transfer velocity and the pCO 2 algorithm, which were applied over 2003-2010 in all three subregions of our study domain. Lacking a formal error estimate for the algorithm, we assumed that the standard error for each region is equal to the standard deviation of the annual flux. Note also that, whereas Signorini et al. (2013) treated Georges Bank and Nantucket Shoals as a separate region, we combined them with the GOM.
Exchange of CO 2 Between Shelf Waters and the Atmosphere (U S )
Burial in Shelf Sediments (B S )
Shelf organic carbon burial fluxes were estimated by starting with a model of sedimentary organic carbon oxidation:
where C ox is the oxidation rate in mmol m À2 d
À1
, z is the water depth in meter, a = À0.351 ± 0.047, and b = 1.56 ± 0.10 (standard errors are given for a and b). Equation (6) (~80%) were made between depths of 1 and 500 m, appropriate for coastal waters. We estimated the mean C ox in each region by using equation (5) with the mean depth (in our study domain) of the GOM, MAB, and SAB: 124, 44, and 30 m, respectively. Standard errors in C ox were estimated as one half the maximum minus minimum C ox given the standard error range in a and b. For muddy sediments, we assumed a burial
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efficiency (B S divided by the POC flux to the sediments) of 0.25 (Burdige, 2007) , in which case B S /C ox = 0.33 (assuming POC flux to sediments = B S + C ox ). For sandy sediments, we assumed a burial efficiency, and hence B S , equal to zero. We then assumed muddy sediment fractions of 30, 20, and 10% for the GOM, MAB, and SAB, respectively, based on a sediment distribution map in coastal waters of the eastern United States (Emery, 1968; Jahnke et al., 2008) , and integrated over the shelf water areas in Table 1 to arrive at burial rates in units of Tg C yr À1 . 
Shelf Fluxes Computed as
Results
All of the terms in the carbon budget equations (2)- (4) are presented for each subregion and for all the coastal waters of ENA on unit area and spatially integrated bases in the database provided as supporting information. In addition to the main budget terms, the database also contains a number of derived carbon flux variables discussed in the study but not explicitly included in the budget equations: NPP for tidal wetlands, estuarine plankton, estuarine seagrass, and shelf water plankton; HR; and tidal wetland degassing. In the supporting information and in the results that follow, the uncertainties are reported as ±2 standard errors, which approximate the 95% confidence range, except where noted. We first present NPP and the metabolic poise of each ecosystem and subregion and then present the organic, inorganic, and total carbon budgets for each ecosystem and subregion.
Net Primary Production and Metabolic Poise
NPP per unit area is much larger (by about a factor of 5) in tidal wetlands than in estuaries and shelf waters (Figure 4a ). Thus, even though tidal wetland area is much smaller than estuarine area, spatially integrated NPP is higher for tidal wetlands (15.0 ± 2.9 Tg C yr À1 ) than for estuaries (11.8 ± 3.0 Tg C yr À1 ). Estuarine NPP is made up of planktonic NPP plus seagrass NPP. Seagrass NPP (per unit area of seagrass) of the SAB (1348 ± 444 g C m À2 yr
À1
) is 3.6-fold higher than that of the MAB and GOM (374 ± 101 g C m À2 yr
), owing mainly to the larger contribution of belowground NPP in the SAB. ENA-averaged NPP of seagrass (801 ± 240 g C m À2 yr À1 ) is larger than that of estuarine plankton (266 ± 77 g C m À2 yr À1 ). However, because seagrass area is a small fraction of estuarine area (Table 1) , only 13 ± 7% of ENA estuarine NPP is due to seagrass. Per-unit-area estuarine and shelf water NPP are remarkably similar to each other and relatively constant across the subregions (Figure 4a ). Spatially integrated NPP for estuaries and shelves thus scales directly with area, with the GOM having the largest share of shelf water NPP and the MAB the largest share of estuarine NPP (Figure 4c ).
The three ecosystems differ in their metabolic poise, as measured by NEP/NPP, with this ratio positive (net autotrophic) in tidal wetlands and shelf waters and negative (net heterotrophic) in estuaries (Figure 4b ). Within each ecosystem, NEP/NPP is statistically similar across subregions, except for shelf waters, where the ratio is significantly higher in the SAB than in the GOM, owing to the fact that NEP of the SAB (86 ± 16 g C m À2 yr
) is about twice that of the GOM (24 ± 3 g C m À2 yr ) is to the sediments (burial). Net lateral transfers between tidal wetlands and estuaries and between estuaries and shelf waters are comparable to carbon fluxes at the domain boundaries. For example, in terms of best estimates, the transfer of carbon from tidal wetlands to estuaries is larger than the amount of carbon buried in the study domain, and the transfer of carbon from estuaries to shelf waters is larger still and exceeds the net uptake of CO 2 from the atmosphere by the study domain. The transfer of carbon from tidal wetlands to shelf waters, on the other hand, is relatively small, owing to the fact that most tidal wetlands share their borders with estuaries.
Each ecosystem type contributes substantially to the overall carbon budget. Net uptake of CO 2 from the atmosphere is split nearly evenly between tidal wetlands and shelf waters, and CO 2 outgassing from estuaries offsets about half of this uptake. Similarly, each ecosystem contributes substantially to burial in the study domain, with 42 ± 12, 20 ± 9, and 38 ± 15% occurring in tidal wetlands, estuaries, and shelf waters, respectively. The importance of tidal wetlands and estuaries in the overall budget is remarkable given that they, respectively, make up only 2.4 and 8.9% of the study domain area.
Tidal Wetland Carbon Budgets
Of the four terms (NEP W , B W , U W , and L W ) in the tidal wetland carbon budgets (Figures 6a, 6d , and 6g), net uptake from the atmosphere is the largest and burial is the smallest (note that L WE and L WS have been added together and represented as L W in Figures 6a, 6d, and 6g) . From the total carbon perspective (Figure 6h ), 80 ± 7% of the net uptake from the atmosphere is balanced by net lateral export to estuaries and shelf waters, with only 20 ± 7% buried. Similarly, 64 ± 11% of organic carbon produced by NEP (Figure 6a ) is exported laterally, with only 36 ± 11% buried. The inorganic carbon perspective reveals that CO 2 taken up from the atmosphere is split roughly evenly between losses to NEP (55 ± 15%) and net lateral export as DIC (45 ± 15%). Finally, the net lateral export is split nearly evenly between organic and inorganic forms, as dictated by the literature compilation (section 4.1.3). The SAB dominates most budget terms, which is not surprising because it contains most of the tidal wetland area (Table 1) . Tidal wetland burial on a per unit area basis decreases toward the south, with rates in the GOM, MAB, and SAB equal to 211 ± 74, 152 ± 31, and 65 ± 30 g C m À2 yr
À1
, respectively. This trend is mainly a result of the southward decline in carbon accumulation rate in the sediment cores used from the Ouyang and Lee (2014) compilation, with mean rates in the GOM, MAB, and SAB equal to 0.73 ± 0.34, 0.40 ± 0.08, and 0.23 ± 0.06 cm yr
. Corresponding mean carbon densities are relatively constant: 0.038 ± 0.005, 0.040 ± 0.005, and 0.027 ± 0.007 g C cm À3 . Most (52 ± 12%) of the tidal wetland burial occurs in the MAB because SAB burial rates per unit area are very low and GOM tidal wetland area is very low ( Table 1 ).
Assuming that NPP W is based mainly on CO 2 derived from the atmosphere, the degassing flux of CO 2 can be estimated as NPP W À U W , which turns out to equal 65 ± 12% of the atmospheric CO 2 taken up by tidal wetland plants as a result of NPP. Alternately, the degassing flux can be viewed in terms of respiration: nearly all of the CO 2 generated by heterotrophic respiration in tidal wetland soils (12.1 ± 3.5 Tg C yr À1 ) is degassed (9.7 ± 3.7 Tg C yr À1 ); the remaining 2.4 ± 1.2 Tg C yr À1 is exported laterally to nearby open waters.
Estuarine Carbon Budgets
Estuarine carbon budgets (Figures 6b, 6e , and 6h) are dominated by riverine input, net lateral exchanges with wetlands and shelf waters, and exchange with the atmosphere, with NEP and burial playing less important roles. This finding applies to ENA estuaries on average; individual estuaries or groups of estuaries will have 
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a different balance of terms. The carbon entering estuaries comes from rivers (67 ± 8%) and tidal wetlands (33 ± 8%), with losses dominated by net lateral export to shelf waters (57 ± 14%) and outgassing (39 ± 13%), leaving only a small loss (5 ± 3%) to burial (Figure 6h ). The riverine carbon input is about evenly split between organic and inorganic forms. Despite similar streamflow among the three subregions (Table 1) , the SAB and MAB, respectively, dominate the riverine input of organic and inorganic carbon, indicating relatively low carbon concentrations in GOM rivers. About one fifth of the total carbon input is from the GOM and the remainder is split about evenly between the MAB and SAB (Figure 6h ).
Our estuarine NEP estimates and estuarine organic carbon budget (Figure 6b ) are only slightly different from those of Herrmann et al. (2015) , owing to the change in tidal wetland areas and the inclusion of the Canadian portion of the GOM. Figure 6e shows how NEP contributes to the overall inorganic carbon budget: net production of DIC in estuaries and upland DIC inputs support the net outgassing of CO 2 and net lateral export of DIC to shelf waters. The SAB dominates ENA net heterotrophy (Herrmann et al., 2015) and outgassing, the latter resulting from the much higher outgassing rates per unit area in SAB estuaries (246 ± 117 g C m À2 yr À1 ) compared with estuaries in the MAB (52 ± 46 g C m À2 yr À1 ), and GOM (35 ± 9 g C m À2 yr
À1
). The MAB dominates the DIC net lateral export to shelf waters because the only other DIC loss term (outgassing) is relatively small in the MAB.
Shelf Water Carbon Budgets
NEP is a major term in organic and inorganic carbon budgets for shelf waters (Figures 6c and 6f) , a striking contrast to those budgets for tidal wetlands and especially estuaries, on average (NEP may dominate in some estuaries). In the organic carbon budget, the production from NEP (84 ± 6% of the sources) is essentially balanced by export to the open ocean (96 ± 3% of the sinks); sources from estuaries and sinks from burial are relatively minor contributors, while wetland sources are insignificant. NEP is the sole sink of inorganic carbon in shelf waters, balanced by sources from the open ocean (62 ± 15%), the atmosphere (21 ± 6%), Figure 6 . Budgets for (a-c) organic carbon, (d-f) inorganic carbon, and (g-i) total carbon in tidal wetlands, estuaries, and shelf waters. NEP = net ecosystem production, B = burial, U = uptake from atmosphere, R = riverine input, and L IJ = net lateral transport from I to J, where W = wetlands, E = estuaries, and S = shelf waters. In the tidal wetland budgets, L WE and L WS have been added together and represented as L W . GOM = Gulf of Maine, MAB = Mid-Atlantic Bight, and SAB = South Atlantic Bight. Bars indicate ±2 standard errors on the flux integrated across all subregions. Note the larger horizontal scale for shelf waters. To be consistent with equations (2)-(4), negative signs are placed on terms that appear on the right side of these equations (i.e., as sinks).
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estuaries (15 ± 13%), and wetlands (2 ± 1%). Terms in the total carbon budget (Figure 6i ) tend to be smaller than terms in the organic and inorganic carbon budgets because NEP drops out and because the lateral exchanges with the open ocean go in different directions for organic and inorganic carbon. More TOC is lost to the open ocean than DIC is gained from the open ocean, resulting in a net loss of total carbon, which is largely balanced by net CO 2 uptake from the atmosphere and a lateral total carbon flux from estuaries.
The importance of individual subregions in shelf water carbon budgets depends on the process. Given the importance of NEP to shelf water budgets and the fact that the SAB dominates shelf water NEP (section 5.1), it is no surprise that the SAB is the most important subregion in shelf water organic and inorganic carbon budgets (Figures 6c and 6f) . Even though the GOM is by far the largest shelf water subregion, its low NEP makes it only moderately important in the overall shelf water budgets. However, the GOM is the subregion that accounts for the greatest fraction (56 ± 28%) of shelf burial, which is due to its relatively large area and high fraction of muddy sediments; these effects outweigh its relatively low burial rate per unit area of muddy sediment, which is due to the GOM being the deepest shelf water subregion. Finally, the MAB is responsible for most (53 ± 9%) of shelf water uptake of atmospheric CO 2 , owing to its relatively large fluxes per unit area (Signorini et al., 2013) .
Discussion
Comparison With Previous Work in the Study
Region 6.1.1. Uptake of Atmospheric CO 2 by Tidal Wetlands Direct measurements of the gas flux between tidal wetlands and the atmosphere have been made at several locations along the U.S. East Coast (Table 2 ) and thus provide a comparison to our estimates of U W , which are based on the application of equation (4a). Direct estimates of U W in the study region are almost all positive, though they are all much lower than our mean estimate, except for the two Chesapeake Bay sites. At least three sites in Table 2 are not representative: the two restored sites and the oligohaline site in the Delaware Bay, which appears to be undergoing a transition to higher salinity. Taking the median value of U W at the remaining eight sites (except for the Chesapeake Bay sites, where the mean was used) and then taking the median of those eight values yields a grand median of 287 g C m À2 yr
À1
, slightly more than half of our estimated mean value of 524 ± 141 g C m À2 yr
.
There are many possible reasons for the discrepancy between direct measurements of U W and our estimate here, including mismatches in time and space between the two types of estimates, overestimates of the 
Global Biogeochemical Cycles
10.1002/2017GB005790
carbon loss terms from tidal wetlands (burial and tidal exchange), or underestimates of the CO 2 uptake by direct means. We suggest that uncertainty in our net lateral flux could be larger than we have estimated, mainly due to high spatial and temporal variability (e.g., seasonality and episodic events) that is not fully captured by the measurements, which are typically conducted over a few individual tidal cycles. High variability is also introduced by the opposite directions of the DOC and POC fluxes that make up the net lateral TOC flux. Although most studies show that tidal marshes are strong sources of DOC to adjacent waters, high variability has been reported in the rates and direction of POC exchange, with most studies indicating that coastal marshes act largely as sinks for chlorophyll and other particulate organic matter (Childers et al., 2000; C. D. Clark et al., 2014 C. D. Clark et al., , 2008 Dankers et al., 1984; Eldridge & Cifuentes, 2000; Jordan et al., 1983; Moran et al., 1991; Nixon, 1980; Tobias & Neubauer, 2009; Tzortziou et al., 2011 Tzortziou et al., , 2008 . In their review of salt marsh flux literature, Childers et al. (2000) reported that three of eight studies showed a net POC export from tidal wetlands of 11 to 128 g C m À2 yr À1 , while the remainder showed a net POC import of 3 to 140 g C m À2 yr À1 .
Such a wide range of fluxes in both directions highlights the challenge of capturing the overall mean flux with a limited set of measurements. DIC net lateral flux measurements also have their challenges, as noted by Z. A. Wang et al. (2016) , who used high-frequency data from in situ sensors to constrain the flux. The more traditional bottle sampling was found to lead to a significant underestimate of the flux, which may be why the Z. A. Wang et al. (2016) estimate is higher than others (Table S1 ). While this particular bias would increase the discrepancy between direct measurements of U W and our calculation of U W using mass balance, it highlights the difficulty of making accurate measurements of net lateral fluxes in tidal wetlands.
One-Dimensional Modeling of Eastern U.S. Estuaries
Our estuarine total carbon budget for ENA is similar to the carbon budget of 42 eastern U.S. estuaries based on 1-D mechanistic modeling (Laruelle et al., 2017) in that both studies find about 40% of upland inputs to be outgassed and 60% to be exported to shelf waters. Furthermore, the spatially integrated estuarine NEP of Laruelle et al. (2017) is the same as our central estimate, À1.4 Tg C yr
À1
, which is also identical to that of Herrmann et al. (2015) . However, our estimates of spatially integrated estuarine total carbon fluxes ( Figure 5 ) are about a factor of 2 higher than those of Laruelle et al. (2017) , who estimated riverine + tidal wetland inputs to be 4.6 Tg C yr À1 , outgassing to be 1.9 Tg C yr
, and export to shelf waters to be 2.7 Tg C yr
. Tidal wetland inputs were estimated by Laruelle et al. (2017) to be 0.6 Tg C yr À1 , or only one sixth of our estimate. Part of the difference in tidal wetland inputs is the lack of inclusion by Laruelle et al. (2017) of DIC, which we find to be as important as TOC. An additional reason for the difference may be the unit area yield of TOC from tidal wetlands because Laruelle et al. (2017) , as we do, employ National Wetlands Inventory tidal wetland areas. For riverine inputs, Laruelle et al. (2017) used databases of riverine concentration and runoff for DIC and the global NEWS2 model for TOC. A detailed comparison between these sources and ours (DLEM and SPARROW) is needed to find out exactly where our riverine inputs differ with those of Laruelle et al. (2017) . Whatever the cause of the difference, it probably propagates to the two main loss terms in the estuarine budget: outgassing and export to shelf waters. Laruelle et al. (2017) also ignore burial as a loss term, but this is a small fraction of total carbon losses in estuaries ( Figure 5 ) and so is not a major concern.
Another important difference between the two studies is estuarine area, with ours (Table 1 ) almost a factor of 4 larger than the 10,815 km 2 of Laruelle et al. (2017) , which is based on a segmentation of the coasts and related catchments known as COSCAT (Laruelle et al., 2013 (Laruelle et al., , 2015 Meybeck et al., 2006) . In COSCAT, the eastern U.S. coast is represented as segment 837, which has an estuarine area of 15,000 km 2 . In Laruelle et al. (2017) this segment was modified to include only "tidal" estuaries, which reduced the estuarine area to 10,850 km 2 . We suggest that the coarse resolution of COSCAT results in a substantial underestimate of estuarine area. For example, a single ENA estuary, the Chesapeake Bay, has an area of 11,269 km 2 in our analysis, similar to the 11,666 km 2 reported by the Chesapeake Bay Program (2004) , which is larger than the area of all U.S. East Coast estuaries in Laruelle et al. (2017) .
The Chesapeake Bay
We also compare our estuarine organic carbon budget with data (Kemp et al., 1997) and a 3-D mechanistic model (Feng et al., 2015) of the Chesapeake Bay, a very large and well-studied ENA estuary that encompasses 29% of the estuarine area in the study domain. The mainstem of the bay (about half the area of the whole bay) is net autotrophic in the analysis of Kemp et al. (1997) , with NEP equal to 0.28 ± 0.08 Tg C yr À1 . Feng et al.
(2015) also find the mainstem bay to be net autotrophic, with NEP averaging 0.4 Tg C yr À1 and varying
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dramatically from year to year (< 0.1 to >0.6 Tg C yr
À1
). Our budget employs the model of Herrmann et al. (2015) , which estimates NEP for the whole bay (mainstem plus tributaries) to be À0.082 (À0.87, 0.28) Tg C yr À1 (best estimate and 95% confidence range). Our NEP estimate could be reconciled with that of Kemp et al. (1997) and Feng et al. (2015) if the tributaries of the Chesapeake Bay were net heterotrophic, which is feasible because the upper part of the mainstem Chesapeake Bay is net heterotrophic (Kemp et al., 1997) and many small or rapidly transiting estuaries are characterized by high net heterotrophy and high CO 2 degassing rates (Borges & Abril, 2011) . Burial in the mainstem Chesapeake Bay was found by Kemp et al. (1997) to be 0.22 Tg C yr
, which compares well with the burial estimate of Feng et al. (2015) , 0.3 Tg C yr
. Our estimate for the whole bay, based on the Herrmann et al. (2015) , is 0.24 (0.077, 0.48) Tg C yr À1 . Thus, on a unit area basis, our burial estimate is about half that of Kemp et al. (1997) and Feng et al. (2015) .
The mainstem Chesapeake Bay does not appear to be typical of ENA estuaries in terms of its organic carbon balance because it is net autotrophic, whereas ENA estuaries on the whole are net heterotrophic, though there are other exceptions, including Delaware Bay (Lebo & Sharp, 1992) , another large MAB estuary. Furthermore, NEP plays a dominant role in the organic carbon budget of the mainstem Chesapeake Bay, approximately equal to the organic carbon inputs from external sources, mostly rivers and tributaries (Kemp et al., 1997) . NEP plays a similarly important role in the nitrogen budget of the mainstem Bay (Feng et al., 2015) . In contrast, for ENA as a whole, only 28 ± 19% of the organic carbon input from upland sources is consumed by NEP; most (63 ± 20%) of this input is exported to shelf waters. In summary, while it is tempting to use the large and well-studied mainstem Chesapeake Bay as representative of ENA estuaries, care should be taken in doing so.
ENA Shelf Water Studies
Spatially integrated NPP in the USECoS model is 30% lower than our estimate (Table 3) , though the difference decreases to 23% if NPP per unit area is considered. Because the two estimates are from very different time periods, decadal variability at the subregional scale may explain the difference in the estimates. Balch et al. (2012) found a dramatic step decrease in GOM NPP in the mid-late 2000s. On the other hand, O'Brien (2015) found only a 2% increase in chlorophyll averaged over the northeast U.S. continental shelf and the Scotian shelf from 1998 to 2014. Another possible explanation for the model-data difference is a low-NPP bias in the model, consistent with the model's low-chlorophyll bias in most subregions and seasons, which is likely due to the coarse horizontal resolution of the model (St-Laurent et al., 2017) . Differences are particularly large in the SAB and GOM, where the model NPP is lower than our estimate by 14 and 18 Tg C yr À1 , respectively (not shown). Had we used the NPP estimates of Bisagni (2003) and Jiang et al. (2010) , the difference would be reduced by 4 Tg C yr À1 in the GOM and increased by 5 Tg C yr À1 in the SAB.
Uptake of CO 2 from the atmosphere simulated by the USECoS model is 90% greater than our satellite-based estimate (Signorini et al., 2013) (Table 3) . Again, the main differences are in the SAB and GOM, where the model is in excess of our estimates by 1.2 and 2.4 Tg C yr À1 , respectively. The model may not be capturing the nutrient-rich Gulf Stream intrusions and associated upwelling that support much of the production (McClain et al., 1990; Yoder, 1985) and (speculatively) the outgassing associated with DIC-rich intrusions. The relatively high atmospheric CO 2 uptake by the GOM is consistent with a low-nitrate bias in the model during spring (St-Laurent et al., 2017) , which suggests that the model also underestimates surface DIC and pCO 2 , leading to excessive CO 2 uptake from the atmosphere.
Our estimates of net lateral exchange at the landward and seaward boundaries of shelf waters compare favorably with those of the USECoS model (Table 3 ). Despite the fact that the USECoS model does not consider tidal wetland inputs and poorly resolves estuaries (Feng et al., 2015) , its estimates of net fluxes at the landward boundary of shelf waters are in good agreement with ours. This agreement stems first from both studies using similar riverine inputs, which dominate the carbon fluxes from land, and second that, in both studies, much of the riverine flux passes through estuaries without major modification, on average. Individual estuaries, such as the Chesapeake, may have NEP play a major role in carbon (Kemp et al., 1997) and nitrogen (Feng et al., 2015) transformations (section 6.1.3), but on average, most of the riverine carbon input to estuaries is exported to shelf waters. For example, 60% of upland inputs of organic carbon to U.S. East Coast estuaries is exported to shelf waters in the analysis of Herrmann et al. (2015) . The agreement at the seaward boundary is a result of our use of USECoS NEP and the fact that the shelf
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water organic and inorganic carbon budgets are dominated by a balance between NEP and net lateral exchange with the open ocean (section 5.5).
There are few additional estimates of the exchange of carbon between ENA shelf waters and the open ocean. DOC export from MAB shelf waters to the open ocean was estimated to be 6.2 Tg C yr À1 by Vlahos et al. (2002) using water mass analysis and 12.1 Tg C yr À1 by Mannino et al. (2016) using remote sensing and a hydrodynamic model. In our budget, we do not separate TOC into POC and DOC, but the USECoS model does. In that model, DOC export from the MAB to the open ocean is 4.1 ± 2.2 Tg C yr À1 or 63% of the corresponding TOC export from the MAB (64% for all of ENA). If we apply this fraction to our MAB TOC export, then we estimate MAB DOC export to be 4.1 ± 1.9 Tg C yr
À1
, less than the estimates of Vlahos et al. (2002) and Mannino et al. (2016) . An independent estimate of TOC export from the GOM to the open ocean of 1.3 ± 5.8 Tg C yr À1 was made by Charette et al. (2001) , which agrees, within error, with our estimate of 4.7 ± 0.8 Tg C yr À1 . Our finding of an import of DIC to the MAB from the open ocean is also consistent with the finding of Z. A. Wang et al. (2013) that water leaving the MAB from the south is depleted in DIC with respect to water entering the MAB from the north.
We are aware of only two studies reporting direct burial measurements in ENA shelf sediments: Charette et al. (2001) , who found a range of 3-10 g C m À2 yr À1 at four sites in the GOM, and Rowe et al. (1988) , who found a rate of 4.3 g C m À2 yr À1 at one site in the northern MAB (estimates of burial on the MAB continental slope (Alperin et al., 2002) are probably not representative of the MAB shelf). These burial rates are somewhat higher than our GOM and MAB mean rates of 2.9 ± 2.8 and 2.8 ± 2.4 g C m À2 yr
, respectively. In both studies of direct measurements, burial was 2% of NPP, which can be compared to our lower ratios of 1% in the GOM, 0.9% in the MAB, and 0.4% in the SAB. The respective USECoS model ratios are lower still at 0.1, 0.6, and 0.3%, respectively. In summary, given the nearly 100% errors on our burial estimates, they are in agreement with other independent estimates.
It can be argued that the deficiencies in the USECoS model that lead to low NPP would also lead to low NEP. Hence, it may be preferable to use the NEP/NPP ratio from the USECoS model instead of its NEP. Had we done that, then shelf water NEP in our ENA budget would increase by 8.6 Tg C yr À1 to 27.4 ± 5.4 Tg C yr
; the import of DIC and the export of TOC to the open ocean, which are computed as residuals, would also increase by this amount, to 20.2 ± 6.0 and 30.1 ± 5.6 Tg C yr
. However, we chose to use the model's NEP directly because it must be consistent with model's nitrate and circulation fields, particularly at the model's open ocean boundary, fields that are produced reasonably well by the model, partly due to the realistic forcing at this boundary (St-Laurent et al., 2017).
Terms Not Considered in the Budget 6.2.1. Changing Carbon Inventory
The uptake of anthropogenic CO 2 , which is causing a secular increase in the ocean's DIC inventory, is one violation of our steady state assumption. Specifically, no time-rate-of-change term is included in the inorganic and total carbon shelf budgets (equations (3c) and (4c)). To determine if this is a significant missing term in our shelf water carbon budgets, we first compute the time rate of change of the surface DIC concentration for a reference year of 2004 by assuming surface ocean pCO 2 = 370 μatm (Signorini et al., 2013) and surface ocean pCO 2 time-rate-of-change dpCO 2 /dt = 1.7 μatm yr À1 (Signorini et al., 2013) ; a buffer factor (dpCO 2 /pCO 2 ÷ d[DICDIC]) of 9.5 (Sabine et al., 2004) ; and a mean surface DIC concentration [DIC] = 2,050 mmol m À3 (Signorini et al., 2013 Making the conservative assumption that the DIC concentration change is vertically uniform and estimating the volume to be 50 m times the shelf area (Table 1 ) yields a DIC inventory change of only 0.23 Tg C yr À1 , which is at least an order of magnitude smaller than other terms in the shelf water inorganic and total carbon budgets (Figures 6f and 6i) , making the assumption of steady state in this case reasonable. 
Uncertainty is reported as ±2 standard errors. For the USECoS model, we assume 1 standard error is equal to the standard deviation of the 5 annual averages during [2004] [2005] [2006] [2007] [2008] . NPPs = shelf water net primary production; MAB = Mid-Atlantic Bight; SAB = South Atlantic Bight; GOM = Gulf of Maine; USECoS = U.S. Eastern Continental Shelf; TOC = total organic carbon; DIC = dissolved inorganic carbon.
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A related issue is the large interannual variability in the shelf water DIC inventory simulated by the USECoS model (Table 3 ). This variability, if real, should be taken into account for observational studies of the shelf water DIC budget that may be conducted over a short time period (less than a few years). This high variability also suggests that computing terms as residuals should only be done if the direct estimates of major fluxes in the inorganic carbon budget (uptake from the atmosphere and NEP) are long-term averages, which is what we have done by considering multiyear averages in these fluxes.
Given the global decline in tidal wetland coverage (Pendleton et al., 2012) as well as modifications of carbon cycle processes in tidal wetlands that are under hydrological management , another assumption that should be challenged is that of a constant standing stock of tidal wetland carbon, which allows us to drop time-rate-of-change terms in the tidal wetland organic carbon and total carbon budgets (equations (2a) and (4a)). Dahl and Stedman (2013) quantified changes in the area of U.S. coastal wetlands, which they defined as those wetlands in watersheds that drain directly to tidal water bodies; these wetlands are mostly nontidal. Despite the fact that coastal wetland area declined by 0.16% yr À1 from 2004 to 2009 in the eastern United States, saltwater wetland area did not change. Unfortunately, changes in the area of tidal freshwater wetlands were not reported. We estimate the tidal freshwater wetland carbon stock change for the eastern United States from the product of the fraction of tidal wetlands that are fresh (0.21, Hinson et al., 2017) , the mass of carbon in the top 1 m of tidal wetland soil (650 Tg, Hinson et al., 2017) , and the fractional loss rate of coastal wetland area (0.0016 per year, Dahl & Stedman, 2013) . The resulting estimate, 0.22 Tg C yr
À1
, is more than an order of magnitude smaller than the largest terms in the tidal wetland carbon budget (net lateral export and uptake from the atmosphere) and is about 20% of burial. While our assumption of steady state for tidal wetlands seems reasonable at this point, more work is needed to better quantify the role of tidal wetland loss in the carbon budget of coastal waters of the eastern United States.
Precipitation Effects
We have ignored effects of precipitation on the exchange of carbon between shelf waters and the atmosphere, effects which include the flux of carbon in precipitation, the enhancement of the gas transfer velocity due to rain, and enhancement of atmospheric CO 2 uptake by the ocean resulting from rain-induced depression of very near-surface pCO 2 .
We make a rough estimate of the carbon flux in precipitation by assuming a precipitation rate of 1 m yr À1 (St-Laurent et al., 2017; Vlahos et al., 2002) and estimates of the concentration of DOC and DIC in rain. Willey et al. (2000) , mostly as CO 2 , consistent with several studies (e.g., Galloway et al., 1982; Willey et al., 2000) . Adopting best estimates of DOC and DIC concentration of 70 and 17 mmol m À3 , respectively, the integrated organic, inorganic, and total carbon rainwater fluxes are 0.3, 0.1, and 0.4 Tg C yr À1 , respectively. Ashton et al. (2016) found that the global ocean uptake of atmospheric CO 2 is increased by no more than 0.4% as a result of including rain enhancement of the transfer velocity using the parameterization of Harrison et al. (2012) . Locally, effects generally did not exceed 0.1 g C m À2 yr
À1
, which, if applied to ENA shelf waters, would increase the uptake by 1% or 0.04 Tg C yr À1 .
Finally, the addition of freshwater during precipitation events reduces surface ocean salinity, DIC, and alkalinity, which can reduce the surface carbon dioxide concentration (Dickson et al., 2007) . Uptake would be enhanced over that estimated using typical surface pCO 2 measurements, which are made below the precipitation-influenced layer. Using data from biosphere experiments, Turk et al. (2010) modeled the impacts of this rain dilution effect and estimated an additional uptake of 0.72 g C m À2 yr À1 in the western equatorial Pacific Ocean, where the annual precipitation is about 3 m. Assuming that the effect scales with precipitation, we might expect an enhancement of atmospheric CO 2 uptake of 0.24 g C m À2 yr À1 or 0.09 Tg C yr À1 in ENA shelf waters.
Adding the three precipitation effects together, increases in the atmosphere-to-ocean fluxes of organic, inorganic, and total carbon are 0.3, 0.2, and 0.5 Tg C yr
, respectively. These would be minor terms in the shelf water carbon budgets, which are dominated by NEP and net lateral exchange with the open ocean (section 5.5).
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The total precipitation enhancement is also about an order of magnitude smaller than our original estimate of atmospheric CO 2 uptake, though it is 50% of burial. In summary, a more rigorous approach to the estimate of carbon flux due to precipitation is unlikely to alter the ENA coastal water carbon budget in a major way.
Calcium Carbonate Fluxes
There has been very little research on calcium carbonate cycling in ENA coastal waters. Balch et al. (2008) found that only 1.4% of the carbon fixed in the GOM is calcium carbonate. However, based on the makeup of GOM sediments, Graziano et al. (2000) suggested that organic and inorganic carbon burial rates in this subregion may be similar. In SAB sediments, contributions from CaCO 3 are considerable, ranging from 4 to 22% (Marinelli et al., 1998) , but rate processes have not been quantified. The considerable rates of calcium carbonate precipitation, dissolution, and burial in shallow tropical systems (Burdige et al., 2010; Burdige & Zimmerman, 2002; Burdige et al., 2008) suggest that calcium carbonate could contribute significantly to carbon budgets in the southern reaches of ENA coastal waters.
Photochemical Oxidation
DOC is photochemically oxidized to CO 2 and, to a lesser extent, carbon monoxide, a process we have ignored in our budgets but which has been argued to be important to the global marine carbon cycle (Miller & Zepp, 1995; W. Wang et al., 2009) . Though CO 2 apparent quantum yields have been measured throughout ENA coastal waters (Del Vecchio et al., 2009; Johannessen & Miller, 2001; Reader & Miller, 2012; White et al., 2010; Ziolkowski & Miller, 2007) , only two studies integrated their CO 2 production estimates over space, allowing comparison with our budgets. Del Vecchio et al. (2009) found MAB CO 2 photoproduction during May-August, the period of greatest photobleaching, to be 0.03-0.07 Tg C (0.02-0.05 Tg C when scaled to our MAB areal extent). Assuming that May-August accounts for half the annual production, then MAB CO 2 photoproduction is 0.04-0.08 Tg C yr
À1
. Reader and Miller (2012) found that the inner SAB, which accounts for about one third of the SAB as we have defined it, produces CO 2 photochemically at the rate of about 0.15 Tg C yr
. Extrapolating to the whole SAB suggests a CO 2 production rate of about 0.4 Tg C yr
. This extrapolation is probably an overestimate because photo-oxidation rates will be lower in midshelf and outer-shelf waters, which have lower concentrations of colored dissolved organic matter and photochemically labile DOC. The estimated MAB and SAB CO 2 photoproduction rates are at least an order of magnitude smaller than the main budget terms in their respective subregions. Hence, the limited research available at this point suggests minor contributions of photochemical oxidation to ENA carbon budgets. In addition to direct photochemical oxidation, the photochemical formation of biologically labile compounds from DOC (Mopper et al., 2015) is likely an important mechanism of DOC remineralization that has yet to be quantified for ENA coastal waters.
Groundwater Inputs
Another poorly known carbon flux in the nearshore zone is that associated with groundwater. Discharge of fresh (terrestrial) groundwater occurs in estuaries and directly to the coastal ocean. Commonly, fresh groundwater mixes with saline groundwater and pore water in intertidal and subtidal soils and sediments, prior to discharge. As discussed by Kroeger and Charette (2008) , mixing prior to discharge can complicate interpretation of constituent source in discharging fluids. In the current analysis, carbon of terrestrial provenance, carried by fresh groundwater, may represent additional carbon not accounted for in the riverine TOC and DIC flux estimates. Rates of fresh groundwater discharge show large spatial variability and are difficult to quantify, but global estimates suggest that the rate of discharge to estuaries and coasts (submarine groundwater discharge or SGD) is in the range of 6 to 10% of riverine discharge (Burnett et al., 2003) . Concentrations of DIC and DOC in groundwater are also highly variable (e.g., Cai et al., 2003; Kroeger & Charette, 2008; Pabich et al., 2001; Santos et al., 2008; Sawyer et al., 2014; Szymczycha et al., 2017) . Based on typical carbon concentrations and a global estimate of SGD rate, Cole et al. (2007) estimated that SGD of carbon is 27% of the riverine flux of carbon. Flux rates in specific regions may deviate substantially from that value, however. A new analysis along the Atlantic Coast of the United States estimates a rate of fresh groundwater discharge equivalent to 5.6% of riverine discharge (Befus et al., 2017) , at the low end of the range of the ratio of global SGD to global riverine discharge, suggesting that the ENA ratio of SGD carbon flux to riverine carbon flux could be~20% if the SGD carbon concentrations are typical. Groundwater thus has the potential to substantially alter our ENA coastal carbon budget.
Summary
The analysis above of changing carbon stocks, precipitation effects, calcium carbonate cycling, and photochemical oxidation suggests that ignoring these terms produces errors that are small (~0.1 to 1 Tg C yr À1 ) Global Biogeochemical Cycles 10.1002/2017GB005790 compared to the largest terms (~10 Tg C yr À1 ) in the ENA coastal carbon budget. On the other hand, groundwater fluxes could play a significant role. However, the uncertainties are considerable for all of the fluxes and cumulative effects of multiple missing terms may be significant.
Flux Variability
The major challenge in constructing regional coastal carbon budgets is spatial and temporal variability. We admit that the data syntheses, statistical models, and numerical models employed here only begin to capture this variability, and hence, our estimated errors may be too low. Most of our flux estimates incorporate seasonality (such as all of the NPP estimates) and many even incorporate interannual variability (such as riverine input of DIC, exchange of CO 2 between shelf waters and the atmosphere, and NEP of shelf waters). Some fluxes, such as burial, are measured or modeled in such a way that the estimates are essentially averages over many years. In reviewing all of the flux estimates in the budget, we find that one of them likely suffers from aliasing of the annual cycle: lateral exchange between tidal wetlands and estuaries. In addition to the challenges imposed by seasonal and interannual variability, extreme events are particularly vexing because they are difficult to sample and likely contribute substantially to coastal carbon fluxes. For example, Raymond and Saiers (2010) found that <5% of the hydrograph in U.S. forested rivers is responsible for 57% of the annual river DOC flux. The impact of tropical storms on coastal carbon cycling can be particularly dramatic, as has been shown for the exchange of atmospheric CO 2 with mangroves (Barr et al., 2012) and estuaries (Crosswell et al., 2014) . The problem of sampling extreme events will only become more challenging as their frequency increases with global warming (Tebaldi et al., 2006) .
How Representative Is Carbon Cycling in ENA Coastal Waters?
Global estimates of some coastal carbon fluxes-estuarine and shelf water NPP, estuarine and shelf air-water CO 2 exchange, tidal wetland and shelf burial, and net lateral exchange of DOC between shelf waters and the global ocean-afford us the opportunity to place our results in a broader context and assess how representative ENA coastal waters are of the global coastal ocean. First, however, we consider the proportion of the global coastal zone occupied by the three ecosystem types considered. Unfortunately, while the area of mangroves is well constrained at 0.14 × 10 6 km 2 (Giri et al., 2011) , tidal marsh area ranges between 0.02 and 0.4 × 10 6 km 2 (Greenberg et al., 2006; Mcowen et al., 2017; Ouyang & Lee, 2014; Pendleton et al., 2012) , leading to estimates of global tidal wetland area that vary from 0.16 to 0.54 × 10 6 km 2 , more than a factor of 3. Global estuarine and shelf (shallower than 200 m) areas were estimated by Laruelle et al. (2013) to be 1.0 × 10 6 km 2 and 26 × 10 6 km 2 , respectively. Thus, it appears that tidal wetlands, estuaries, and shelf waters encompass 0.6-2.0%, 3.6-3.7%, and 94.4-95.7%, respectively, of the global coastal zone, which can be compared with corresponding ENA fractions of 2.4, 8.9, and 88.7%. Hence, ENA appears to be more abundant in tidal wetlands and estuaries than the global average. However, tidal wetlands are very poorly mapped at the global scale and, if ENA estuaries are indicative (see section 6.1.2), then the Laruelle et al. (2013) global estuarine area may be too low. Hence, ENA coastal waters may be more representative in their makeup than suggested by the current global estimates of tidal wetland and estuarine area.
Primary production in ENA estuaries and shelf waters is very similar to corresponding global averages. Cloern et al. (2014) analyzed 1,148 estimates of annual primary production in 131 estuarine ecosystems and computed an overall mean of 252 g C m À2 yr À1 by first finding the median in each ecosystem and then taking the arithmetic mean of those medians. The ENA-wide average estuarine primary production we computed is 283 ± 78 g C m À2 yr
À1
. The similarity to the global average may not be surprising because the data in the synthesis of Cloern et al. (2014) are heavily biased toward North America and Europe. Dunne et al. (2007) modeled the global distribution of primary production using satellite remote sensing. For regions shallower than 200 m, NPP was found to be 390 g C m À2 yr À1 , which is similar to our ENA shelf water average NPP of 326 ± 62 g C m À2 yr À1 . Hence, the similarity in NPP between estuaries and shelf waters in ENA (section 5.1) appears to be typical of the global coastal ocean.
As with NPP, air-water CO 2 exchange in ENA estuaries and shelf waters is very similar to corresponding global averages. Chen et al. (2013) analyzed air-water CO 2 flux estimates from 165 estuaries and computed a global area-weighted average outgassing of 93 g C m À2 yr À1 , which can be compared with the ENA average outgassing of 111 ± 45 g C m À2 yr
. The uptake of atmospheric CO 2 by continental shelf waters estimated by the data synthesis of Chen et al. (2013) , the data synthesis of Laruelle et al. (2014) , and the
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À1
, respectively. These estimates bracket the ENA shelf water average uptake of 10.6 ± 1.9 g C m À2 yr
Our estimate of ENA B W differs considerably from an estimate of the corresponding global average. From an analysis of data at 143 sites, Ouyang and Lee (2014) computed a global mean (± 2 standard errors) salt marsh burial rate of 245 ± 52 g C m À2 yr
, which is greater than our ENA mean rate of 103 ± 21 g C m À2 yr À1 . Part of this difference is due to the finding of Ouyang and Lee (2014) that carbon burial rate peaks at latitudes poleward of our study domain. This latitudinal dependency also accounts for some unknown fraction of the increase in burial rate we observe from the SAB to the GOM (section 5.3).
Similarly, our estimate of ENA burial in shelf sediments differs considerably from an estimate of the global average. Dunne et al. (2007) modeled the global distribution of burial using satellite-based NPP and empirical models. For regions shallower than 200 m, burial was found to be 40 g C m À2 yr
, which is much larger than our ENA shelf water burial average of 2.5 ± 1.5 g C m À2 yr
. This big difference in burial is largely due to the model of B S /C ox ; the mean of B S to the mean of C ox is 0.03 in our approach (section 4.3.4), more than an order of magnitude smaller than the value of 0.8 estimated by Dunne et al. (2007) . Our ratio of burial to NPP (1%) is also much smaller than the global value of 10% reported by Dunne et al. (2007) . Barrón and Duarte (2015) used a synthesis of 3,510 DOC concentration measurements and two estimates of water exchange between shelves and the open ocean to compute a global mean seaward DOC flux at the shelf break of 14.7 ± 6.6 and 90.0 ± 12.0 (± 2 standard errors) Gg C yr À1 per kilometer of shelf break.
Assuming a total shelf break length of 2,000 km for ENA and the USECoS estimate of the dissolved fraction of the TOC export (64%), our DOC export per kilometer shelf break is 6.9 ± 0.7 Gg C yr À1 , which is below the lower limit of the considerably large range of values provided by Barrón and Duarte (2015) .
In summary, ENA coastal waters appear to be globally representative when it comes to NPP and air-water CO 2 exchange in estuaries and shelf waters but to be on the low end of global averages of tidal wetland burial, shelf burial, and net lateral exchange of DOC between shelf waters and the open ocean. Differences in the former may reflect true spatial variability whereas those for the latter two may be methodological.
Conclusions
We have constructed a carbon budget for coastal waters of eastern North America, explicitly considering tidal wetlands, estuaries, and shelf waters, and separately accounting for organic carbon and inorganic carbon. To our knowledge, this is the first carbon budget constructed for a large coastline. Our main findings are the following.
1. NPP per unit area is much larger (by about a factor of 5) in tidal wetlands than in estuaries and shelf waters. 2. Tidal wetlands and shelf waters are net autotrophic, and estuaries are net heterotrophic; the study domain as a whole is net autotrophic. 3. Spatially integrated NPP and NEP are 151.0 ± 24.0 and 20.2 ± 4.4 Tg C yr À1 , respectively, and are dominated by shelf waters. 4. Considering the net fluxes of total carbon at the domain boundaries, 59 ± 12% of what enters is from rivers and 41 ± 12% is from the atmosphere, while 80 ± 9% of the carbon leaving is exported to the open ocean and 20 ± 9% is buried. 5. Net lateral transfers between tidal wetlands and estuaries and between estuaries and shelf waters are comparable to carbon fluxes at the domain boundaries. 6. Net uptake of CO 2 from the atmosphere is 5.1 ± 2.4 Tg C yr À1 ; tidal wetlands and shelf waters take up about equal amounts of CO 2 and estuarine CO 2 outgassing offsets about half of this uptake. 7. Burial is 2.5 ± 0.7 Tg C yr À1 , with 42 ± 12, 20 ± 9, and 38 ± 15% occurring in tidal wetlands, estuaries, and shelf waters, respectively. 8. In tidal wetlands, 80 ± 7% of the net uptake from the atmosphere is balanced by net lateral export to estuaries and shelf waters, with only 20 ± 7% buried; 64 ± 11% of organic carbon produced by NEP is exported laterally, with only 36 ± 11% buried; and CO 2 taken up from the atmosphere is split roughly evenly between NEP (55 ± 15%) and net lateral export (45 ± 15%).
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9. The carbon entering estuaries comes from rivers (67 ± 8%) and tidal wetlands (33 ± 8%), with losses dominated by net lateral export to shelf waters (57 ± 14%) and outgassing (39 ± 13%), leaving only a small loss (5 ± 3%) to burial. 10. In shelf waters, the production of organic carbon from NEP (84 ± 6% of the sources) is essentially balanced by export to the open ocean (96 ± 3% of the sinks); NEP is the sole sink of inorganic carbon in shelf waters, balanced by sources from the open ocean (62 ± 15%), the atmosphere (21 ± 6%), estuaries (15 ± 13%), and wetlands (2 ± 1%).
Comparison with prior work in the study area suggests further research is warranted. We find greater uptake of atmospheric CO 2 by tidal wetlands than the limited field studies available for comparison. Our estuarine budgets also differ substantially with numerical modeling and highlight the importance of accurate estimates of upland inputs and estuarine area. Our shelf water budgets highlight the need for independent NEP estimates as well as direct measurements of net lateral transport and burial. An assessment of missing terms in the budgets suggests, at this time, that the major terms have been captured. While research is needed to better quantify fluxes associated with precipitation, calcium carbonate, photochemistry, and changing carbon inventories, the most pressing need is to better quantify budget terms that are highly variable, poorly sampled, and potentially large. Fluxes computed as residuals also demand further study. Hence, priority should be given to all of the lateral exchanges, exchange of atmospheric CO 2 with tidal wetlands and estuaries, and shelf water NEP.
The likely path forward to wrestling with the large spatial and temporal variability of carbon cycle processes in the coastal zone is to employ empirical, process-based, and remote sensing models that are constrained by observations, as we have done here when possible. Recent progress in remote sensing models and processbased models, including those applied here, is encouraging. Corresponding models for tidal wetlands and their interaction with estuaries are only in their infancy (B. Clark et al., 2017) . In many cases, direct and continuous measurements across spatial and temporal scales are extremely limited, which, in turn, hampers the development and application of data-constrained models. For example, for our study domain, we have only four direct measurements of the net lateral flux of DIC from wetlands, only two MAB estuaries with estimates of CO 2 outgassing, and only five sites where shelf burial has been measured. Other regions of the global coastal ocean may be in worse shape. For example, at the global scale, even the most basic information is lacking, such as accurate estimates of tidal wetland and estuarine area.
